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Dividing plant cells perform a remarkable task of build-
ing a new cell wall within the cytoplasm in a few
minutes. A long-standing paradigm claims that this
primordial cell wall, known as the cell plate, is gener-
ated by delivery of newly synthesized material from
Golgi apparatus-originated secretory vesicles. Here,
we show that, in diverse plant species, cell surfacema-
terial, including plasma membrane proteins, cell wall
components, and exogenously applied endocytic trac-
ers, is rapidly delivered to the forming cell plate. Im-
portantly, this occurs even when de novo protein
synthesis is blocked. In addition, cytokinesis-specific
syntaxin KNOLLE as well as plasma membrane (PM)
resident proteins localize to endosomes that fuse
to initiate the cell plate. The rate of endocytosis is
strongly enhanced during cell plate formation, and
its genetic or pharmacological inhibition leads to cyto-
kinesis defects. Our results reveal that endocytic de-
livery of cell surface material significantly contributes
to cell plate formation during plant cytokinesis.
*Correspondence: pankaj.dhonukshe@zmbp.uni-tuebingen.de
(P.D.); jiri.friml@zmbp.uni-tuebingen.de (J.F.); gadella@science.
uva.nl (T.W.J.G.)Introduction
Cytokinesis in immobile plants strikingly differs from
that in other higher eukaryotes, as a new plasma mem-
brane (PM) and cell wall (CW) separating the daughter
cells form as a new structure (called the cell plate) within
the cytoplasm rather than by inward growth or constric-
tion of the existing PM and CW (Staehelin and Hepler,
1996; Verma, 2001). This process has been studied for
more than a century, as the term ‘‘cell plate’’ can be
tracked back to Strasburger (1875). Cell plate bio-
genesis process requires the creation of one-third of
the original cell surface area during 4% of the cell cycle
duration and hence demands extremely fast and tar-
geted vesicular trafficking. The cell plate formation is as-
sisted by a plant-specific polarized microtubular array
sandwiching the forming cell plate known as a phragmo-
plast (Ledbetter and Porter, 1963). This highly special-
ized structure also contains actin and assists in the de-
livery of the vesicles containing material for cell plate
formation.
Genetic studies in the model plant Arabidopsis thali-
ana led to identification of mutants with defects in cyto-
kinesis (Assaad et al., 2001; Heese et al., 2001; Kang
et al., 2003a; Lukowitz et al., 1996; Nishihama et al.,
2002; Waizenegger et al., 2000). The typical phenotypic
features include formation of incomplete CWs and mul-
tinucleate cells along with normal cells and CWs in the
same tissue (Assaad et al., 2001; Heese et al., 2001;
Kang et al., 2003a; Lukowitz et al., 1996; Nishihama
et al., 2002). These genetic studies highlighted a role of
syntaxin KNOLLE and its interactor Sec1 homolog
KEULE in cell plate formation (Assaad et al., 2001; Luko-
witz et al., 1996; Waizenegger et al., 2000). KNOLLE is
expressed only in dividing cells, and it localizes strongly
at the cell plate beside intracellular structures (Lauber
et al., 1997). knolle and keule mutants display incom-
plete CWs (formed by the fusion of vesicles) as well
as accumulation of nonfused vesicles, consistent with
a known role of syntaxin and Sec1 in vesicle fusion.
This suggests a role for KNOLLE and KEULE in vesicle
fusion at the cell plate, but not in vesicle formation or tar-
geting (Assaad et al., 2001; Waizenegger et al., 2000). In
addition, cytokinesis defects occur when vesicle trans-
port is inhibited, by repression of kinesin-like proteins
NACK1 and NACK2 (Nishihama et al., 2002), or by de-
fects in dynamin-like regulators of vesicle budding,
adl1A adl1E (Hinshaw, 2000; Kang et al., 2003b). This
implies that vesicle formation, trafficking, and fusion
events are crucial for proper execution of plant cyto-
kinesis.
For roughly 40 years, it has generally been assumed
that Golgi apparatus-derived secretory vesicles are the
sole source of material required for cell plate initiation
and expansion (Alberts et al., 2002; Frey-Wyssling
et al., 1964). This textbook view of cell plate biogenesis
is mainly based on electron microscopy (EM) observa-
tions showing massive accumulation of vesicles with
a diameter of 60–80 nm (resembling transport and se-
cretory vesicles) at the spindle and phragmoplast areas
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138during mitosis (Otegui et al., 2001). It is further sup-
ported by drug treatments showing that Brefeldin A
(BFA), a presumptive inhibitor of secretion, slows down
cell plate expansion (Lippincott-Schwartz et al., 1989;
Yasuhara et al., 1995). However, a number of observa-
tions cannot be easily reconciled with the notion that
Golgi apparatus (GA)-derived exocytic vesicles alone
drive plant cytokinesis: (1) that BFA retards expansion,
but cannot inhibit cell plate initiation (Yasuhara et al.,
1995), (2) that composition of the early cell plate largely
excludes GA-derived matrix polysaccharides (Moore
and Staehelin, 1988), and (3) that interfering with di-
leucine or tyrosine endocytic motifs affects localization
of key molecules on cell plates (Zuo et al., 2000). There-
fore, to extend our understanding of the process of
cell plate formation, we undertook the analysis of the
sources of material contributing to cell plate formation.
Results
Endocytic and Pinocytic Markers Are Targeted
into Cytokinetic Cell Plates
The fluorescent lipophilic styryl dye FM4-64 has been
used in a number of plant studies as an authentic in
vivo endocytic marker. It labels the PM, is taken up
into the cell interior only by endocytosis, and, afterward,
it gradually labels the entire endosomal pathway toward
the vacuole (Geldner et al., 2003; Grebe et al., 2003;
Meckel et al., 2004; Murphy et al., 2005; Paciorek et al.,
2005; Samaj et al., 2005; Shope et al., 2003; Tse et al.,
2004; Ueda et al., 2001, 2004; Yamada et al., 2005;
Yano et al., 2004). Therefore, we employed FM4-64
for studying the dynamics of endocytosis during cyto-
kinesis in real time. FM4-64 was applied to a well-
established tobacco bright yellow-2 (BY-2) cell line,
transformed with a GFP fusion protein labeling microtu-
bules in vivo, facilitating visualization of the cell cycle
stage (Dhonukshe and Gadella, 2003). FM4-64 internal-
ized in mitotic BY-2 cells and accumulated inside the
spindle region within a few minutes (Figure 1A). In telo-
phase, FM4-64-labeled vesicles occupied the newly avail-
able space between separating chromosomes, and, sub-
sequently, FM4-64 extensively labeled emerging cell
plates (even stronger than the parental PM), from the very
first signs of their appearance (Figure 1A; Movie S1; see
the Supplemental Data available with this article online).
Also during cell plate expansion, the constitutive incor-
poration of many FM4-64-stained endomembrane
structures at cell plate edges was observed, suggesting
continuous delivery of endocytosed material (Movie S1).
Identical results were obtained in dividing root tip cells
after FM4-64 application to Arabidopsis seedlings (not
shown). To test the possibility that rapid delivery of
FM4-64 into cell plates occurs via transient connections
between parental PM and the forming cell plate (Cutler
and Ehrhardt, 2002), we performed both 3D optical sec-
tioning and fluorescence recovery after photobleaching
(FRAP) analysis. We followed dividing cells from meta-
phase onward and acquired time-lapse data by scan-
ning median longitudinal sections. 3D optical sectioning
comprised of both median longitudinal and top views
showed the emergence and expansion of the cell plates
at the cell center without their immediate attachment
to any side of the parental PM (Figures S1B–S1D). Tocompare the speed of FM4-64 delivery to the cell plate
in the case of unattached and attached cell plates, we
photobleached FM4-64 at the cell plate and followed
its recovery kinetics. After complete photobleaching of
FM4-64 at initiating cell plates (that are not yet attached
to any side of the parental PM) in both BY-2 (not shown)
and Arabidopsis cells (Figure 1B; Movie S2), a rapid re-
appearance of about 40% of the initial FM4-64 fluores-
cence was observed at the photobleached cell plate
area with a half time ofw80 s (Figure 1D). FRAP analysis
of cell plates attached to their parental PMs displayed a
much more extensive (80%) and faster (half time ofw8 s)
reappearance of FM4-64 (Figures 1C and 1D; Movie S3).
This result demonstrates that FM4-64 is typically de-
livered to nonattached cell plates by endocytic ves-
icles and not by a direct connection with the parental
PM.
Next, we performed FM4-64 pulse-chase experiments
in BY-2 cells by complete washing out of FM4-64 after
its application. Clearly, FM4-64 labeled first the periph-
eries of already initiated cell plates, and, afterward, it
was distributed all along the cell plate (Figure S1A).
This shows polarized delivery of FM4-64 at the edges
of the forming cell plate. Furthermore, FM4-64 fluores-
cence gradually increased on the expanding cell plate
at the expense of its fluorescence at the PM (see the
successive frames in Figure S1A), implying active trans-
port against a concentration gradient. Together, these
results imply active and selective internalization as well
as polarized delivery of the endocytic marker FM4-64
from the PM to forming cell plates.
To investigate whether, besides membrane material,
extracellular fluid can also be delivered to the cell plate
by endocytosis, we used the membrane-impermeable
pinocytic fluid-phase markers Alexa 633 (Alexa) and Lu-
cifer Yellow (LY) (Baluska et al., 2004; Emans et al.,
2002). Strikingly, we observed that both Alexa (Figures
1E and 1F) and LY (Figure 1G) internalized in dividing
cells and accumulated within the volume occupied by
forming cell plates. Again, these cell plates were not at-
tached to the parental PM (see the top view of a cell in
Figure 1F). Also, in maize root cells, LY localized to form-
ing cell plates, which were specifically marked with the
callose marker Aniline Blue (Figure 1G). Together these
results demonstrate that endocytic lipophilic and (extra-
cellular) fluid-phase markers are constitutively internal-
ized and rapidly targeted into initiating and expanding
cell plates.
PM and CW Markers Are Internalized and Targeted
into Cytokinetic Cell Plates
As the results with fluorescent endocytic markers sug-
gested continuous delivery of cell surface-derived mate-
rial to the cell plate, we investigated what happens to
PM-resident proteins during cytokinesis. For this, we
performed coimmunolocalization studies in Arabidopsis
root tips by using the cell plate marker KNOLLE (Lauber
et al., 1997; Lukowitz et al., 1996). All tested PM proteins,
including the auxin transport facilitator PIN2 (Friml,
2003) (Figure 2A), the PM water channel PIP2 (Cutler
et al., 2000) (Figure 2C), the integral PM protein LTI6b
(Cutler et al., 2000) (Figure 2E), dynamin (Kang et al.,
2003a) (Figure S2C), and the brassinolide receptor
BRI1 (Wang et al., 2001) (Figure S2E), clearly localized
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139Figure 1. Endocytic and Pinocytic Markers Localize to the Forming Cell Plates
(A–G) (A, E, and F) Tobacco BY-2 suspension cells, (B and C) Arabidopsis root cells, and (G) maize root cells. (A) Endocytic marker FM4-64 labels
the cell plate from initiation until completion. Microtubules are shown in green, FM4-64 is shown in red, and time is given in minutes (see also
Movie S1). (B and C) FRAP of FM4-64 ([B], forming cell plate; [C], attached cell plate). The photobleached areas are marked by circles, and
time is given in seconds (see also Movies S2 and S3). (D) Kinetics of FM4-64 FRAP depicted in (B) and (C). FRAP is 10-fold faster in cell plates
attached to parental PM compared to the forming cell plates. (E) The endocytic fluid phase marker Alexa labels cell plate volume. (F) Cross-
section of a cell from (E) shows no attachment of the cell plate to the parental CW. Microtubules, green; Alexa, red. (G) An internalized LY-labeled
(green) callosic (red) cell plate. The scale bars are 5 mm.
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140Figure 2. Endocytosed PM Proteins and CW Pectins Localize to the Forming Cell Plates
(A–L) (A–F)Arabidopsis root cells, (G–J) tobacco BY-2 suspension cells, and (K and L) maize root cells. DAPI staining is in blue. (A–B) PIN2 (green)
and KNOLLE (red) colocalize on cell plates and cytosolic punctae in (A) control cells as well as (B) CHX-treated cells. (C–D) PM-localized water
channel PIP2 (green) and KNOLLE (red) relocalize on cell plates and cytosolic punctae in (C) control cells as well as (D) CHX-treated cells. (E–F)
PM-localized LT16b (green) and KNOLLE (red) colocalize on cell plates and cytosolic punctae in (E) control cells as well as (F) CHX-treated cells.
(G and H) RGII pectin labels (G) early and (H) expanding cell plates. (I) JIM5 pectin, but not (J) JIM7 pectin, labels the cell plate. (K) JIM5 (red) and
PIN1 (green) colocalize (yellow) on the cell plate. (L) RGII labels the cell plates formed in CHX-treated maize cells.to KNOLLE-labeled forming cell plates as well as
KNOLLE-labeled endomembrane structures (Figures
2A, 2C, and 2E; Figures S2C and S2E). These results
demonstrate targeting of the PM proteins/receptors to
the forming cell plate.
Next, we tested the fate of the CW-derived material
during cytokinesis. Early cell plates are enriched with
CW pectins. However, unlike the mature CWs, they
also contain callose, but hardly any cellulose (Matar
and Catesson, 1988; Moore and Staehelin, 1988; Sa-
muels et al., 1995). Recently, it has been reported that
interphase maize root cells internalize pectins from
parental CWs (Baluska et al., 2002). We performed a
pectin-immunolocalization study in both BY-2 cells
and maize root cells by using different sets of antibodies
specifically recognizing pectins found either exclusively
in mature CWs or in Golgi apparatus-derived vesicles.
The antibodies used include rhamnogalacturonan II
(RGII), recognizing de muro-formed RGII dimers cross-
linked by borate diol diester (O’Neill et al., 2001); JIM5,
recognizing partially esterified (up to 40%) CW homoga-
lacturonan pectins; and JIM7, labeling esterified (up to
80%) homogalacturonan pectins present mainly within
Golgi apparatus-derived vesicles (Baluska et al., 2002).
Remarkably, the forming cell plates in both maize and
BY-2 cells were strongly labeled with the RGII (Figures
2G and 2H; Figures S2G and S2H) and JIM5 (Figure 2I;
Figures S2I and S2J) antibodies rather than the JIM7
antibodies (Figure 2J; Figure S2K). The crosslinking of
RGII pectins is well known to occur exclusively within
mature parental CW (Kobayashi et al., 1999; O’Neill
et al., 2001), demonstrating that parental CW-derived
material gets internalized into the cell plate. In summary,these results suggest that both parental PM- and CW-
derived material is targeted to the cell plate.
Cell Plate Initiation Does Not Require De Novo
Protein Synthesis
Our results indicated that already preexisting material at
the cell surface is used for cell plate formation. There-
fore, next, we investigated the contribution of de novo
synthesis. Cycloheximide (CHX) is used generally as
a potent blocker of protein synthesis. It is also highly ef-
fective in the plant systems at a 50 mM concentration for
30 min, as was demonstrated by [35S]-methionine incor-
poration analysis in Arabidopsis root cells (Geldner
et al., 2001; Paciorek et al., 2005). After FM4-64 applica-
tion to BY-2 cells pretreated with 50 mM CHX for 1 hr, we
found that cell plates can still be initiated and labeled by
FM4-64 (not shown). Also, Arabidopsis cells pretreated
with CHX for 1–2 hr displayed cell plate initiation and lo-
calization of all tested PM proteins to KNOLLE-labeled
forming cell plates (Figures 2B, 2D and 2F; Figures
S2B, S2D, and S2F). In addition, maize root cells pre-
treated with CHX for 1–2 hr displayed forming cell plates
together with cell plate targeting of RGII (Figure 2L).
These results demonstrate that cell plate initiation and
localization of PM-resident proteins and CW pectins to
forming cell plates do not strictly depend on de novo
synthesis. This further confirms that cell surface material
can be used for cell plate formation.
Endosomes, but Not cis- or trans-Golgi Markers,
Are Targeted toward the Initiating Cell Plate
Delivery of cell surface material to the cell plate likely in-
volves endocytosis, whereas newly synthesized material
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secretion. Therefore, we examined the dynamics of en-
dosomes and Golgi apparatus during cytokinesis by us-
ing the established markers. We used BY-2 cells and
Arabidopsis plants transformed with GFP-Ara7 (a Rab5
homolog labeling endosomes) (Geldner et al., 2003;
Ueda et al., 2001, 2004) and ST-YFP (sialyl transferase la-
beling trans-Golgi) (Boevink et al., 1998; Grebe et al.,
2003). The authenticity of endosomal and Golgi labeling
in BY-2 and Arabidopsis cells was thoroughly investi-
gated and confirmed in interphase cells by using a variety
of colocalization and drug studies (see Figure S3, Sup-
plemental Data, and Movies S4 and S5). In dividing
BY-2 and Arabidopsis cells during spindle assembly,
the endosomes were always distributed throughout the
spindle area, and their apparent fusion coincided and co-
localized with cell plate initiations (Figures 3A–3F and
3H; Figure S4A; Movies S6–S8). In contrast, trans-Golgi
remained around the spindle apparatus and never local-
ized into its inside space during cell plate initiation (Fig-
ures 3A and 3E; Movie S6 and S8). The trans-Golgi moved
inward toward assembling cell plates only after cell
plates were initiated (Figure S4A; Movies S6–S8) and
likely supplied exocytic products needed for their expan-
sion. During these later stages, endosomal and trans-
Golgi organization around the cell plate appeared more
complex and interconnected (Figure 3G; Movie S9).
The secretory inhibitor BFA has been used in many
studies to visualize endosomal aggregations (Baluska
et al., 2002; Geldner et al., 2001, 2003; Grebe et al.,
2002, 2003; Murphy et al., 2005; Paciorek et al., 2005;
Samaj et al., 2004). Therefore, we used BFA to better vi-
sualize endosomes and investigate whether endosomal
aggregations can initiate and expand cell plates. When
BFA was applied to either BY-2 or Arabidopsis cells,
FM4-64-labeled endosomal aggregates (but not the
ST-YFP-labeled trans-Golgi) were observed to partici-
pate both in cell plate initiation (Figure 4D; Figure S6A;
Movies S10 and S11) and expansion (Figure 4D; Figures
S6B and S6C; Movies S10 and S11). These in vivo real-
time observations were further confirmed by immuno-
localization studies in Arabidopsis. In fixed Arabidopsis
roots, the cis-Golgi marker g COP (Geldner et al., 2003)
(Figure S4B) and the trans-Golgi network (TGN) marker
TLG2a (Bassham et al., 2000; Geldner et al., 2003)
(Figure S4C) did not localize significantly to the KNOLLE-
positive cell plate. However, all endosomal markers
tested, such as GNOM-Myc (Geldner et al., 2003), Ara6
(Grebe et al., 2003; Ueda et al., 2001, 2004), and Ara7
(Geldner et al., 2003; Ueda et al., 2001, 2004) clearly lo-
calized to the forming cell plates (Figure 5). To examine
the localization of endosomal markers to cell plates at
the substructural level, we prepared ultrathin sections
from high-pressure, fixed-freeze substituted Arabidop-
sis roots and subjected them to immunogold labeling
with Ara6 and Ara7 antibodies that have been exten-
sively tested before (Ueda et al., 2001). This analysis
showed Ara6 (Figures 4A–4C) and Ara7 (Figure S5A) la-
beling at the cell plate matrix and associated vesicles,
whereas no labeling was detected when primary anti-
bodies were omitted (Figure S5B). Quantitative evalua-
tion of Ara6 immunogold labeling in dividing cells (n = 6
in three independent experiments) revealed 14.3 6 2.2
(mean 6 standard error) gold particles to be targetedto the cell plate and surrounding endosomes, whereas
it revealed 3.9 6 1.3 gold particles to be cytoplasmic.
In the case of Ara7, immunogold labeling in dividing cells
(n = 3 in two independent experiments) revealed 6.76 1.3
gold particles to be targeted to the cell plate and sur-
rounding endosomes, whereas it revealed 1.66 0.5 gold
particles to be cytoplasmic. Analysis of different cell
plate stages revealed that both the cell plate and cell
plate vesicles contained these endosomal markers dur-
ing initiation (Figures 4A and 4B) and expansion (Fig-
ure 4C) of cell plates. The gold label was mostly associ-
ated with the surface of electron-transparent vesicles
and less with electron-dense cell plate vesicles with di-
ameters between 50 and 65 nm. The ultrastructural anal-
ysis shows that both cell plate matrix and cell plate
vesicles contain endosomal markers Ara6 and Ara7
(Grebe et al., 2003; Ueda et al., 2001, 2004). Similar re-
sults were obtained when antibodies, which recognize
parental CW pectins, were used for immunogold label-
ing (Baluska et al., 2005). Together, these results reveal
that endosomal vesicles are included in initiating and ex-
panding cell plates, whereas fusion of endomembranes
labeled with a trans-Golgi marker for cell plate initiation
is not detected. This again highlights the involvement of
endocytosis in cell plate formation.
Cytokinesis-Specific Syntaxin KNOLLE Localizes
to Endosomes
The cytokinesis-specific syntaxin KNOLLE is one of the
best-characterized mediators of vesicle fusion for cell
plate formation (Lauber et al., 1997; Lukowitz et al.,
1996). Surprisingly, not only the cell plate-based, but
also the intracellular KNOLLE signal, colocalized with
endosomal markers Ara7 (Figure 5B) and Ara6 (Figures
5C and 5D). The endosomal identity of the KNOLLE-
containing intracellular structures was further confirmed
by wortmannin treatment. Wortmannin is known to in-
duce the swelling of specific endosomal structures
(Vieira et al., 2003) (see Figures S3Q–S3S). Significantly,
KNOLLE displayed its localization on these swelled
vesicles (Figure 5E) together with endosomal marker
Ara7 (see inset in Figure 5E). In the case of BFA-treated
cells, in which the cell plates have already been initiated,
KNOLLE mainly localized to the interior of BFA compart-
ments that fused with the edges of the cell plate (Fig-
ure 5H). The interior of these compartments also contains
endosomal markers such as GNOM-Myc (Figure S6G)
and recycling PM proteins such as PIN2 (Figure S6F),
the PM water channel PIP2 (Figure S6H), and PM-local-
ized LTI6b (Figure S6I). In contrast, g COP-labeled cis-
Golgi localized to the periphery (Figure 5H). Also, in
maize, BFA treatment induced formation of large blobs
and colocalization of CW/endocytic pectin RGII and
PIN1 at the expanding peripheries of the plates resem-
bling ‘‘cell plate edge BFA compartments’’ (Figures S6D
and S6E). Together, these results suggest that during
cytokinesis KNOLLE localizes to endosomes, and fusion
of these endosomes initiates or expands cell plates.
It has been shown that during preprophase (well
before cell plate initiation) KNOLLE accumulates intra-
cellularly, and that during cytokinesis it is included in the
cell plate (Lauber et al., 1997). Accordingly, in premitotic
cells, KNOLLE colocalized with endosomal Ara6 (Fig-
ure 5D), and upon BFA treatment KNOLLE colocalized
Developmental Cell
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(A–H) (A–G) Tobacco BY-2 suspension cells. (H) Arabidopsis root cells. (A) ST-YFP-labeled trans-Golgi (green) and FM4-64-labeled endosomes
(red) during the spindle stage. Note that Golgi apparatus remain around the spindle and that FM4-64-labeled endosomes occupy the inside
space. (B) FM4-64-labeled endosomes (red) and ST-YFP-labeled trans-Golgi (green) during cell plate initiation. Note that endosomes fuse to ini-
tiate the cell plate, whereas trans-Golgi remain away from the initiating cell plate. (C and D) GFP-Ara7- (green) and FM4-64-labeled (red) endo-
somes during (C) spindle and (D) cell plate initiation. Note that the fusion of FM4-64- and Ara7-stained endosomal structures initiates the cell
plate (see also Movie S7). (E and F) GFP-Ara7-labeled endosomal (green), ST-YFP-labeled trans-Golgi (blue), and FM4-64-labeled endosomal
(red) localizations during (E) spindle and (F) cell plate initiation (see also Movie S8). (G) Close-up view of one side of an expanding cell plate,
with the above triple markers revealing complex interactions between trans-Golgi, endosomes, and the cell plate during its expansion (see
also Movie S9). (H) Colocalization of GFP-Ara7- (green) and FM4-64-labeled (red) endosomes on the forming cell plates. The scale bar in (G)
is 3 mm, and the scale bars in (A)–(F) and (H) are 5 mm.with internalized PIN1 (Figure 5F), PIN2 (Figure S6F), and
the PM water channel PIP2 (Figure S6H) in BFA com-
partments that were surrounded by g COP-labeled cis-
Golgi (Figure 5G). We further confirmed endosomal lo-
calization of KNOLLE by biochemical means by using
protein cofractionation analysis. On sucrose gradients,
KNOLLE cofractionated with endosomal markers Ara7
and FYVE-GFP (Samaj et al., 2005), but not with Golgimarker 58K (Baluska et al., 2002) (Figure 5I). Together,
these results demonstrate that the regulator of cell plate
formation KNOLLE at least partially localizes to endo-
somes before cell plate initiation.
Endocytosis Rate Is Increased during Cytokinesis
Since our data showed that cell plate material is rap-
idly derived from the cell surface by endocytosis, we
Endocytosis Drives Plant Cytokinesis
143Figure 4. Contribution of Endosomes to Cell Plate Formation
(A–C) Electron micrographs showing immunogold (10 nm) localization of Ara6 in cytokinetic Arabidiopsis root cells. Overview of Ara6 immuno-
gold labeling in the (A) early and (C) late cell plate. Note the Ara6 label on the cell plate vesicles of different electron densities within the developing
cell plate matrix (marked by yellow outline). (B) A detailed view showing the Ara6 label on the surface of a marginally expanding cell plate and an
electron-transparent round-shaped cell plate vesicle with a diameter of 65 nm.
(D) 50 mM BFA treatment causes aggregation of FM4-64-labeled endosomes (surrounded by ST-YFP-labeled trans-Golgi) to form BFA compart-
ments that participate in both cell plate initiation (see arrowheads) and expansion (see arrows). Note that all of the BFA compartments fuse to the
cell plates. Time is given in minutes (see also Movie S11). The scale bar is 5 mm.determined the rate of endocytosis in interphase and
mitotic cells by quantifying FM4-64 internalization in
Arabidopsis cells. In interphase cells, internalization
of FM4-64 was at least 2-fold lower compared to that
of cytokinetic cells (Figures 6A and 6B) (i.e., even ex-
cluding the cell plate-localized FM4-64 signal during
quantification of FM4-64 intensity). In support, it has
been shown that expression of endosomal regulator
Ara7 is upregulated during cell division (Ueda et al.,
2001). These observations show that the rate of endo-
cytosis is cell cycle-dependent and upregulated during
cytokinesis.Inhibition of Endocytosis Interferes with Cell
Plate Formation
Our results strongly suggest the importance of endo-
cytosis for cell plate formation. To test this notion, we
examined the impact of inhibition of endocytosis on cy-
tokinesis.
The endocytic pathway can be inhibited by cold treat-
ment, wortmannin [affecting endosome morphology
(Vieira et al., 2003 and this study)], and sodium azide
(Parton et al., 2001). All of these treatments reversibly
slowed down or blocked FM4-64 internalization and
also cell plate formation (not shown). To interfere with
Developmental Cell
144Figure 5. Localization of KNOLLE to Endo-
somes
(A–C) Colocalizationof theendosomal markers
GNOM-Myc (red in [A]), Ara7 (green in [B]), and
Ara6 (green in [C]) and KNOLLE (green in [A]
and red in [B] and [C]) on cell plates and cyto-
solic punctae.
(D) Colocalization of Ara6 (green) and KNOLLE
(red) on cytosolic punctae in a premitotic cell.
(E) After wortmannin treatment, KNOLLE (red)
labels enlarged vesicles and colocalizes with
Ara7 (green) on them (inset).
(F) Colocalization of KNOLLE (red) with PIN1
(green) in the BFA compartment formed in
premitotic cell.
(G and H) KNOLLE (red) labels the BFA com-
partment/cell plate that is surrounded by cis-
Golgi (green) in (G) premitotic and (H) cytoki-
netic cells.
(I) Protein cofractionation Western blot show-
ing KNOLLE cofractionating with endosomal,
but not Golgi, markers.
DAPI is in blue in (C), (D), and (H).
Figure 6. Endocytosis during Cell Plate For-
mation
(A and E–K) Arabidopsis root cells and (C and
D) tobacco BY-2 suspension cells. (A and B)
Quantification of FM4-64 endocytosis in in-
terphase and mitoticArabidopsis cells. A rep-
resentative region of interest used for quan-
tification is depicted by a white circle. The
columns show the means, whereas the error
bars depict standard deviations (C) After
internalization, FM4-64 (red) colocalizes with
GFP-Ara7-labeled endosomes. (D) DNAra7
(green) inhibits endocytosis of FM4-64 (red).
(C) Note that the GFP-DNAra7 labels mainly
the cytosol, which is in contrast to control
GFP-Ara7. (E) The phenotype of wild-type
and RPS5A>>GFP-DNAra7-expressing plants
grown on MS plates for 3 weeks (the bars
on the left of the panel indicate millimeters).
(F and G) A DIC image of (F) wild-type and
an (G) RPS5A>>GFP-DNAra7-expressing plant
root tip. (H and I) Enlarged multinucleate cells
observed with (H) DIC and (I) DAPI staining.
(J) Binucleate cell expressing RPS5A>>
GFP-DNAra7. (K) Formation of partial CW at-
tached on its one side to the parental CW in
the case of tamoxifen-induced GFP-DNAra7.
Note that even after 30 min, FM4-64 hardly
goes inside the cell with unnoticeable cell
plate expansion. The scale bars are 5 mm.
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145endocytosis more specifically, we genetically manipu-
lated Rab5 (Ara7) function. In mammalian cells, Rab5
(ortholog of Ara7) is required for early endosome fusion
in vitro (Gorvel et al., 1991; Zerial and McBride, 2001), and
it regulates transport between the PM and early endo-
somes, in vivo (Bucci et al., 1992; van der Bliek, 2005;
Zerial and McBride, 2001). Proper functioning of Rab5
depends on its alternating GTP and GDP bound states.
By a specific mutation, Rab5 can be locked in its GDP
state, which interferes with its function since it keeps
Rab5 cytosolic rather than in its active state on mem-
branes (Stenmark et al., 1994). It has been shown before
that GDP-locked Rab5 interferes with endocytosis (van
der Bliek, 2005). To test the effects of this genetic inter-
ference with endocytosis on cell plate formation, we
made a dominant-negative (DN) GDP-locked state Ara7
by replacing S24N (Stenmark et al., 1994) and introduced
it into cowpea protoplasts and into BY-2 cells by trans-
fection. In both cell systems, DN-Ara7 appeared in cyto-
sol (compare Figure 6C with Figure 6D and Figure S7A
with Figure S7C), and FM4-64 internalization was drasti-
cally reduced (compare Figure 6C with Figure 6D and
Figure S7B with Figure S7D), confirming an inhibitory ef-
fect of DN-Ara7 on endocytosis. The extent of endocyto-
sis inhibition by DN-Ara7 was always correlated to its ex-
pression level (not shown).
To investigate the effects of DN-Ara7 expression on
cell plate formation in Arabidopsis, we attempted to
obtain DN-Ara7-transformed plants. We failed to re-
cover Arabidopsis plants transformed with a 35S::DN-
Ara7 (not shown). Therefore, we expressed DN-Ara7
only within specific cell types (by using a two-compo-
nent transactivation system) (Haseloff, 1999) or condi-
tionally (by using a tamoxifen-inducible expression sys-
tem) (Friml et al., 2004). DN-Ara7 expression was driven
by the Arabidopsis ribosomal protein S5A (RPS5A)
promoter, which is active specifically in dividing cells
(Weijers et al., 2001). RPS5A-transactivated plants
were selected based on their resistance to the selec-
tion marker as well as on the basis of the expression
of coregulated GFP, which was mainly found in the
root and shoot meristems as reported before (Weijers
et al., 2001). The positive plants expressing RPS5A>>
DN-Ara7 remained small compared to the controls even
3 weeks after germination (Figure 6E). In addition, these
plants displayed abnormalities in their root tip architec-
ture (compare Figure 6G with Figure 6F). Importantly,
closer examination revealed the presence of bi- and
multinucleate cells (Figures 6H–6J), demonstrating cy-
tokinesis defects. Also, when DN-Ara7 expression was
induced by tamoxifen treatment, endocytosis, as visu-
alized by FM4-64 uptake (Figure 6K), but not exocyto-
sis (Figure S8), was dramatically reduced. Concomi-
tantly, characteristic cytokinesis defects such as the
formation of partial CWs and the reduction of cell plate
expansion were induced (Figure 6K). Together, these
experiments clearly show that inhibition of endocytosis
interferes with cytokinesis and cell plate formation.
Discussion
So far, the prominent view of cell plate assembly in plant
cells assumed that Golgi apparatus-derived exocytic
vesicles alone drive plant cytokinesis, and the possiblecontribution of other pathways such as endocytosis
was not seriously considered (Alberts et al., 2002; Jur-
gens, 2005). However, material already delivered for
cell plate initiation has been proposed to be retrieved
from the assembled cell plate area and reused together
with Golgi apparatus-derived exocytic vesicles at its ex-
panding edges (Bednarek and Falbel, 2002). Conse-
quently, it is believed that the cell plate consists of de
novo-synthesized material. In this study, we show by
multiple independent approaches that, in both monocot
and dicot plants, endocytic delivery of the cell surface
material significantly contributes to cell plate initiation
and expansion.
Endocytosed PM and CW Material Is Used
for Cell Plate Formation
Our combined results from Arabidopsis, maize, and
tobacco cells clearly show that material originating
from the cell surface is delivered to the forming cell
plate. Live cell studies revealed endocytic delivery of
the exogenously applied endocytic tracer FM4-64 as
well as extracellular fluid markers. Targeting of FM4-64
to cell plates has been shown before in Fucus zygotes,
with the interpretation of FM4-64 targeting first to the
Golgi and then being delivered from Golgi to cell plates
(Belanger and Quatrano, 2000). We and others (Grebe
et al., 2003; Tse et al., 2004) observed no FM4-64 label-
ing of the Golgi in a time span when FM4-64 does inter-
nalize from the parental PM and labels forming cell
plates. Our results of FM4-64 labeling to the cell plates
in BFA-treated BY-2 cells (where Golgi cisternae are re-
sorbed into endoplasmic reticulum [ER]) and Arabidop-
sis root cells (where Golgi aggregates around the BFA
compartments) further support direct delivery of FM4-
64 to the cell plate without its intermediate targeting to
the Golgi. Experiments with FRAP analysis or 3D recon-
struction suggest that the endocytic markers do not ar-
rive to the forming cell plate by a direct transient con-
nection between the cell plate and the parental PM. In
addition, due to the high plant cell turgor pressure,
such direct connections, if present at all below the con-
focal microscope detection limit, are energetically un-
favorable and thus extremely unlikely.
Also, PM-localized proteins such as PIN1 (Geldner
et al., 2001) and the SNAP25 homolog AtSNAP33 (Heese
et al., 2001) localize at cell plates. Our immunolocaliza-
tion studies incorporating other PM-localized proteins
and CW-originated pectins revealed their strong accu-
mulation within both initiating and expanding cell plates.
Biochemical studies revealed that RGII dimers are
formed via borate-diester crosslinks between apiose
residues in the RGII molecule localized predominantly
within CWs (O’Neill et al., 2004; Ridley et al., 2001). Im-
portantly, in vitro studies revealed that RGII dimer for-
mation is a spontaneous self-assembly process driven
by acidic pH values (5 and less) (Ishii et al., 1999) and
high calcium levels (10 mM and more) (Matoh et al.,
1998), conditions that are known to be characteristic
only for CWs. RGII synthesis and transport into CWs is
accomplished within compartments (Golgi and Golgi-
derived vesicles) that do not satisfy requirements for di-
mer formation. The used RGII antibody specifically rec-
ognizes RGII-B-RGII dimers (Matoh et al., 1998), which
are formed only in muro (within CWs) (Ishii et al., 1999;
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146Matoh et al., 1998; Ridley et al., 2001). Hence, our results
with the RGII antibody suggest a CW origin of endoso-
mal and cell plate RGII-B-RGII dimers. They further
may indicate that the cell plate will bear lower pH and
higher calcium levels, a finding that is also supported
by previous studies showing the influence of the calcium
chelator caffeine on cell plate formation (Becerra and
Lopez-Saez, 1978).
Importantly, cell plates still initiate, and cell surface
material is included also when de novo protein synthesis
is blocked. Also, earlier studies showed that mitotic pro-
cesses that develop after metaphase are independent of
fresh protein synthesis (Garcia-Herdugo et al., 1974).
This further corroborates that preexisting material is
used for cell plate formation.
In order to arrive at the cell plate, cell surface material
must first be endocytosed. Previous studies on inter-
phase cells have shown that many PM proteins and
CW pectins cycle between the PM and intracellular com-
partments via endocytosis (Baluska et al., 2002; Geld-
ner, 2004; Geldner et al., 2001, 2003; Grebe et al.,
2002, 2003; Murphy et al., 2005; Paciorek et al., 2005).
This is in agreement with the fact that many of these pro-
teins have functional endocytic sorting motifs (Zheng
et al., 2002; Zuo et al., 2000). The constitutive endocytic
recycling provides a likely means for continuous translo-
cation of material from the cell surface to the forming cell
plate (see our model in Figure 7).
Endosomes Fuse to Initiate and Expand
the Cell Plate
The delivery of endocytosed material to the cell plate im-
plies a connection between endosomes and the cell
plate. Our live cell studies in BY-2 cells and Arabidopsis
with available specific endosomal and Golgi apparatus
markers (Boevink et al., 1998; Geldner et al., 2003; Grebe
et al., 2003; Ueda et al., 2001, 2004) show that, preferen-
tially, endosomes, but not Golgi-localized endomem-
branes, aggregate to mark cell plate initiation. Further-
more, blocking Golgi apparatus-dependent secretion
in BY-2 cells by BFA (Ritzenthaler et al., 2002) does
not prevent cell plate initiation, whereas endosomal ag-
gregates induced by BFA treatment initiate or expand
the cell plate (this study). During cell plate expansion,
endosomal membranes continue to be targeted to the
cell plate (revealed by real-time and FRAP analysis),
and Golgi apparatus can be observed in close vicinity
to expanding cell plates. In support, (1) available endo-
somal markers localize to the cell plate, as visualized
at the ultrastructural level, (2) an earlier study docu-
mented the fusion of coated vesicles to initiate cell
plates (Frank and Herth, 1974), and (3) another endoso-
mal structure, the multivesicular body (MVB), has been
observed to fuse with initiating cell plates (Lehmann
and Schulz, 1969), to attach to the expanding cell plate
(Otegui et al., 2001), or to remain in very close proximity
to the cell plate (Segui-Simarro et al., 2004). Our data
concerning the effect of wortmannin (inhibiting MVB
formation [Fernandez-Borja et al., 1999]) on cell plate
formation and newly emerging genetic studies indicat-
ing a requirement of the MVB components ESCRT-I
(Schellman and Hu¨lskamp 2005) and ESCRT-III (Winter
et al., 2005; Schlager et al., 2005) for proper cytokinesis
support the role of MVB in cytokinesis. In addition, a re-cent detailed EM tomography revealing the existence of
two kinds of vesicles during cell plate formation (Segui-
Simarro et al., 2004) and the presence of MVB at the con-
verging point of exocytic and endocytic pathways would
be consistent with a view that both endosome- and
Golgi apparatus-derived vesicles are targeted to the
cell plate.
The SNARE hypothesis for vesicle fusion predicts
the involvement of three proteins, namely, Syntaxin
(Q-SNARE), SNAP25, and R-SNARE in the formation of
the SNARE complex required for proper vesicle fusion
(Chen and Scheller, 2001). A crystal structure of neuro-
nal SNARE complexes shows a bundle of four helices
for which Q- and R-SNARE each contributes one helix
and SNAP25 provides two helices (Chen and Scheller,
2001). The cytokinesis-specific syntaxin KNOLLE (Q-
SNARE) and its interactor SNAP25 homolog AtSNAP33
are supposed to play a role in the fusion of vesicles at
the cell plate (Heese et al., 2001; Lukowitz et al., 1996).
Furthermore, a plant-specific Q-SNARE NPSN11 local-
izes at the cell plate, interacts with KNOLLE, and co-
localizes with KNOLLE-positive cytosolic structures
Figure 7. Membrane Trafficking Pathways during Cell Plate Forma-
tion
The model depicts the mass flow of endocytic material from the PM
to the cell plate. ER, Endoplasmic Reticulum; GA, Golgi apparatus;
TGN, Trans Golgi Network; PM, plasma membrane; EE, early endo-
some; RE, recycling endosome; LE, late endosome. The sizes of the
arrows show the extent of membrane transport. Red arrows indicate
a novel pathway revealed by our results. Red lines indicate inhibi-
tory effects of BFA.
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147(Zheng et al., 2002). Findings that (1) KNOLLE at least
partially localizes to endosomes and cofractionates
with endosomal, but not with Golgi, markers (this study),
(2) AtSNAP33 cycles between the PM and endosomes
(Heese et al., 2001), and (3) NPSN11 (together with
KNOLLE) neither localizes nor cofractionates with Golgi
membranes (Zheng et al., 2002) strongly suggest the im-
portance of endosomes for vesicle fusion contributing
to cell plate formation. In support of this, viral movement
proteins (which have recently been shown to traffic via
the endocytic recycling pathway [Haupt et al., 2004]) di-
rectly interact with KNOLLE and also localize to the cell
plate (Laporte et al., 2003). Requirement of a specialized
R-SNARE has been implicated mostly in heterotypic
membrane fusion events in which a vesicular R-SNARE
recognizes the Q-SNARE present on the target mem-
brane to which the vesicle fuses. The existence of
KNOLLE-interacting, plant-specific Q-SNARE NPSN11
and the localization of KNOLLE (and possibly that of
NPSN11) on endosomes may implicate homotypic fu-
sion of endosomes as a mechanism for cell plate forma-
tion and its subsequent attachment to the parental PM.
Endocytosis Is Upregulated during and Is Required
for Cell Plate Formation
During cell plate formation, almost one-third of the cell
surface has to be created in a matter of minutes. This re-
quires a huge capacity of the material delivery mecha-
nisms. Consistently, our measurements of the rate of en-
docytosis reveal a strong upregulation of endocytosis
during cell plate formation. Conversely, inhibition of en-
docytosis by using cold and drug treatments or, more
specifically, by genetic manipulation of endosomal
Rab Ara7, slows down or even abolishes cell plate for-
mation and leads to phenotypic aberrations indicative
of cytokinesis defects. This reveals that endocytosis
bears a rate-limiting effect on cell plate formation.
Exocytosis and endocytosis are supposed to be bal-
anced to maintain the cell surface area constant. None-
theless, BFA inhibits secretion in a matter of minutes in
BY-2 cells, as the Golgi cisternae get resorbed into the
ER, and it affects recycling endosomes carrying pro-
teins such as PIN1 to the plasma membrane in Arabi-
dopsis (Samaj et al., 2005). BFA allows endocytosis to
be continued in both systems (with it even being en-
hanced in BY-2 cells) without plasmolysis (Emans
et al., 2002; Geldner et al., 2001; Paciorek et al., 2005).
Apparently, there is some excess material at the PM
that still can be internalized when exocytosis is blocked
without compromising the cell surface integrity.
Biological Implications of Endocytic Involvement
for Cell Plate Formation
Considering the fast speed of cell plate formation, the
use of prefabricated building blocks delivered via endo-
cytosis is highly efficient. Besides speeding up the mat-
uration of the cell plate by delivery of fully matured pro-
teins and CW molecules, the presence of endocytosed
PM components would also contribute to defining the
nature of the cell plate membrane as a future PM. This
may be instrumental for delivery of regular secretory
Golgi apparatus-based vesicles as well, which would al-
ready at early stages of cell plate formation recognize
this as a target membrane. Such a mechanism wouldeither bypass the endosomal compartment or result
in Golgi apparatus-mediated direct ‘‘intracellular cell
plate-targeted exocytosis’’, or it may merge the secre-
tory and endocytic cargo for fast lateral growth of the ex-
panding cell plate (see our model in Figure 7). In accor-
dance, recent discoveries in the mammalian field show
that endocytosis is required for cytokinesis (Schweitzer
et al., 2005), and recycling endosomes (receiving mate-
rial from both early endosomes and trans-Golgi) are
crucial for proper membrane addition at the cleavage
furrow during cytokinesis (Albertson et al., 2005). In
C. elegans embryos, inhibition of recycling endosomal
Rab11 does not interfere with the initial cytokinesis
events, but it affects late events of cytokinesis. In con-
trast, in Drosophila embryos, injection of dominant-
negative Rab11 causes cleavage furrow defects, specif-
ically during the initial phase (Albertson et al., 2005). In
addition, many aspects of the cell plate formation in
plants display homology to endosomal recycling path-
ways implicated in calcium-regulated PM repair of torn
cell periphery (McNeil and Steinhardt, 2003) and those
involved in generating secretory lysosomes (Blott and
Griffiths, 2002). In this view, the cell plate can be re-
garded as some sort of specialized endosomal com-
partment that receives material from the Golgi appara-
tus directly as well as from the PM through sorting and
recycling endosomes (see our model in Figure 7). Our
view of cell plate formation involving multiple membrane
fusion events and cargo received from multiple path-
ways would also provide more stability and back up
for this process. One can imagine that inhibition of one
pathway may temporarily upregulate the other to rescue
the defects. This would explain the robustness of the cy-
tokinetic machinery, which is indicated by multiple ob-
servations of CW stubs and normal, complete CWs in
various reported cytokinetic mutants.
Experimental Procedures
Plant Material and Growth Conditions
Maize roots were obtained as described before (Baluska et al.,
2002). Tobacco BY-2 cells were cultured as reported previously
(Dhonukshe and Gadella, 2003). Cowpea plants were grown, and
protoplasts were isolated as described before (Dhonukshe and Ga-
della, 2003). In the case of Arabidopsis, 4-day-old seedlings grown
in growth chambers at 23ºC on vertically oriented plates containing
Arabidopsis medium (AM, 1/2 MS agar, 1% sucrose [pH 5.8]) were
used. The details of the two-component transactivation system have
been described before (Friml et al., 2004).
Construction of Reporter Genes and Transgenics
Construction of GFP-MAP4 was described before (Dhonukshe and
Gadella, 2003). Please see Supplemental Data for cloning details
of GFP-Ara7, constrcution of DN-Ara7, and its transfection, transfor-
mation, and transactivation. Transgenic Arabidopsis lines carrying
the ADL1A-GFP (Kang et al., 2003a), BRI1-GFP (Friedrichsen et al.,
2000), ST-YFP (Grebe et al., 2003), and GNOM-myc (Geldner et al.,
2003) gene fusions have been described before.
Fluorescent Dyes and Inhibitor Treatments
FM4-64 (Molecular Probes) dissolved in water was applied at a 2 mM
final concentration for 5 min to BY-2 cells or Arabidopsis plants, and
both were washed with medium to remove excess dye and were
observed immediately. Alexa 633 (Molecular Probes; catalog no.
A30634) dissolved in water was applied at a 2 mM final concentration,
and cells were observed immediately. BFA (Sigma), wortmannin
(Sigma), LY294002 (Sigma), and CHX (Sigma) were used from
DMSO-dissolved stock solutions and were applied to cells at final
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148concentrations of 50 mM, 10 mM, 10 mM, and 50 mM, respectively, for
indicated periods. LY (Sigma) was used at a 1% concentration. For
visualizing nuclei in live Arabidopsis cells, the seedlings were
incubated with 40-6-diamidino-2-phenylindole (DAPI) solution. So-
dium Azide (Sigma) was diluted in water (100 mM). Aniline blue dis-
solved in Gly/NaOH buffer (pH 9.5) was used at a 0.1% concentration
(w/v). Incubation of Arabidopsis seedlings with various chemicals
was carried out in 24-well cell culture plates in liquid AM medium.
In the case of Arabidopsis, these experiments were performed in
triplicate with at least 60 roots evaluated in total for each experimen-
tal condition, the experiments with BY-2 cells were performed at
least four times with hundreds of cells, and those with maize were
repeated three times.
Immunofluorescence Microscopy
Whole-mount immunofluorescence preparations for Arabidopsis
(Friml et al., 2003) and antibody staining of maize tissue sections
(Baluska et al., 2002) were done as described before. Please see
Supplemental Data for the immunolocalizations in BY-2 cells and an-
tibody concentrations. The cells were then viewed either with a Zeiss
Axiovert 405M microscope equipped with a Zeiss AxioCam HR dig-
ital camera or with a Leica TCS-SP2 AOBS CLSM by using a 488 nm
Ar/Kr laser line exciting FITC, a 561 nm Diode laser line exciting Cy3,
and a 405 nm Diode laser line exciting DAPI in a sequential scan
mode. FITC emission was captured with a 500–525 nm slit detector
setting, Cy3 was captured with a 570–640 nm slit detector setting,
and DAPI was captured with a 410–460 nm slit detector setting. Ac-
quired images were processed with Adobe Photoshop 7. All of the
experiments were repeated at least three times.
Cofractionation Analysis
Please see Supplemental Data for details of cofractionation analy-
sis.
Live Cell Analysis
For live cell analysis of BY-2 cells, the Zeiss CLSM510 system imple-
mented on an inverted (Axiovert 100) microscope was used. The mi-
croscopy system, sample preparation, single wavelength scanning,
image processing, and movie generation were described before
(Dhonukshe and Gadella, 2003). Dual and triple color imaging was
performed by using dual or triple excitation/emission scanning, re-
spectively, in multitracking mode (for further details, please see Sup-
plemental Data). For liveArabidopsis root tip cells analysis, the Leica
TCS-SP2 AOBS CLSM was used (for further details, please see Sup-
plemental Data). Fluorescence recovery after photobleaching
(FRAP) analysis is described in Supplemental Data. For quantifica-
tion of FM4-64 internalization,w25 mm2 circular areas (representing
2000 pixels) were marked at various positions in interphase, and cy-
tokinetic (excluding the cell plates in cytokinetic cells) cells and pixel
intensities were acquired. For quantification of FM4-64 internaliza-
tion, 40 interphase and 40 cytokinetic cells were measured, and
the values were gathered and processed in Microsoft Excel.
Differential Interface Contrast Microscopy
For differential interface contrast (DIC) microscopy, seedlings were
placed in 2% glycerol and were observed with a Zeiss axioplan II mi-
croscope equipped with DIC optics and a CCD camera.
Electron Microscopy
Immunogold EM labeling was performed as described before
(Reichelt et al., 1999), with few modifications (see Supplemental
Data).
Supplemental Data
Supplemental Data including additional text for the Results section,
additional information on Experimental Procedures, 8 figures, and
11 movies are available at http://www.developmentalcell.com/cgi/
content/full/10/1/137/DC1/.
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